This review describes the analytical aspects of urinary steroid profiling which is a multicomponent analysis using gas chromatography and mass spectrometry (GC-MS) designed to reveal, at the biochemical level, defects in metabolism largely of adrenal cortical steroids. The gonadal steroid metabolites are nearly always present at lower levels than the adrenal steroids and some metabolites are derived from hormones of both organs. A urine steroid profile is among those tests which are rarely requested by most laboratories, and because of the need for specialist steroid biochemical knowledge and equipment, the test is generally provided through the Supra Regional Assay service (SAS). A urinary steroid profile is particularly recommended for the investigation of infants of uncertain gender, but is also used in the investigation of children and adults with saltloss, virilization and hypertension. The clinical applications of steroid profiling in infants and childhood have been reviewed separately. I The adrenal cortex, gonads and placenta secrete steroid hormones into the circulation the concentrations of some of which are measured for diagnostic purposes. A serum hormone estimation will often need to be compared with the concentration of corresponding trophic hormones. In some endocrine investigations repeated sampling may be necessary in order to demonstrate the amplitude and frequency of pulsatile events or to examine hormone concentrations after a provocative test. Several measurements on a blood sample add considerably to the cost of the investigations of a patient with an endocrine problem.
This review describes the analytical aspects of urinary steroid profiling which is a multicomponent analysis using gas chromatography and mass spectrometry (GC-MS) designed to reveal, at the biochemical level, defects in metabolism largely of adrenal cortical steroids. The gonadal steroid metabolites are nearly always present at lower levels than the adrenal steroids and some metabolites are derived from hormones of both organs. A urine steroid profile is among those tests which are rarely requested by most laboratories, and because of the need for specialist steroid biochemical knowledge and equipment, the test is generally provided through the Supra Regional Assay service (SAS). A urinary steroid profile is particularly recommended for the investigation of infants of uncertain gender, but is also used in the investigation of children and adults with saltloss, virilization and hypertension. The clinical applications of steroid profiling in infants and childhood have been reviewed separately. I The adrenal cortex, gonads and placenta secrete steroid hormones into the circulation the concentrations of some of which are measured for diagnostic purposes. A serum hormone estimation will often need to be compared with the concentration of corresponding trophic hormones. In some endocrine investigations repeated sampling may be necessary in order to demonstrate the amplitude and frequency of pulsatile events or to examine hormone concentrations after a provocative test. Several measurements on a blood sample add considerably to the cost of the investigations of a patient with an endocrine problem.
The simultaneous analysis of several urinary steroids is often complementary to serum hormone measurements. The measurement of steroid excretion rates in a 24 h urine sample (urine steroid profile) has the advantage of This article was prepared under the auspices of the Analytical Investigations Standing Committee of the Scientific Committee of the Association of Clinical Biochemists. 32 integrating output and overcomes the problem of timing of blood samples in relation to the circadian level of adrenal activity. Although the complete profile is usually examined, sometimes it is only necessary to identify and quantitate selected steroids. The identification of steroids from mass spectrometric data will be more specific than relying upon the retention time alone of a peak in the GC analysis with flame ionization detector. The steroid content of urine by GC gives specific diagnostic information in a single analysis unaffected by the presence of unusual steroids which occur in blood and interfere with immunoassays. In many profile investigations, accurate quantitative data in a 24 h urine collection may not be essential because the balance of some individual or groups of metabolites may be so deranged that the effects can be detected in a spot sample. In some cases ratios of steroid concentrations, usually the substrate and product of one enzyme, provide diagnostic information. The effective use of steroid profiling requires a deep understanding of steroid endocrinology and is best performed in a referral centre with the support of specialist clinicians. In the newborn and patients with steroid secreting tumours, unusual steroids are produced for which specific serum assays are not available but their metabolites can be monitored by urine profiling.
BIOCHEMISTRY

Steroid metabolism
Each circulating steroid hormone gives rise to a number of urinary metabolites, the concentrations of which vary from microgram to milligram amounts making quantitation of every metabolite difficult, but in the majority of diagnostic investigations this is unnecessary. The 13 or so major metabolites found in normal urine by steroid profiling are products of dehydroepiandrosterone sulphate (DHAS) and cortisol which are quantitatively the most important secretions of the adrenal cortex. The extent to which the data are processed depends T HF aTHF a-cort~-cortol 1 11~-OH-Aet 11~-OH-And on the clinical problem and the selectivity and sensitivity of the detector of the Gc. Limited information on the steroid profile of serum has been obtained by quantitative GC-MS. 2 Examination of the steroid content of a maternal serum and cord blood serum by GC-MS was used as evidence to support a prenatal diagnosis of congenital lipoid adrenal hyperplasia.' Prior to renal clearance, steroids are metabolized in the liver. Catabolism of all steroid hormones follows general reactions ( Fig. I) . Most steroids in the urine have been reduced by the addition of four hydrogen atoms to the 3keto-4-ene structure and this gives rise to the tetrahydro hormone products [e.g. cortisol (compound F to tetrahydrocortisol) THF). The reduction is in two stages and from the saturation of the double bond, Sex (sometimes called allo) and Sp reduced products are formed. Mainly 3ex-hydroxyl products are formed on reduction of the 3-keto group. Androgen products from these catabolic reactions have trivial names (e.g. androsterone and aetiocholanolone). The main metabolites of the principal steroid hormones are summarized in Table I . Cortisol is converted to cortisone by the action of l Iji-hydroxysteroid dehydrogenase. Steroids after AlB ring reduction may be further reduced at C-20 by the addition of two more hydrogen atoms (six hydrogens in total, hexahydro). These reactions take cortisol to cortols (20ex and 20P), cortisone to cortolones and 17-hydroxyprogesterone to pregnanetriol. 17-Hydroxylated steroids with 21 carbons (pregnanes) can be
THE aTHE a-cortoIOn?COrlOIOne 1 11-oxo-Aet 11-oxo-And FIGURE 1. Catabolism ofcortisol and cortisone. The A ring is saturated by addition offour hydrogen atoms to give tetrahydro-steroid products. Ia-hydroxysteroid dehydrogenase and 5r1. and 5fJ reductases are involved.
Further reduction at C-20 (ri. and fJ) produces cortols and cortolones (hexahydrosteroids}, Side chain cleavage reduces the C2l steroids to androgens (CI9). And= Androsterone; Aet = Aetiocholanolone; OHSD = hydroxysteroid dehydrogenase; TH = tetrahydro.
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converted to androgens (19 carbons) by cleavage of the side chain. In this way tetrahydrocortisol is metabolized to IIP-hydroxyaetiocholanolone. Hydroxylation of steroids is sometimes important, particulary in the newborn. Sites of hydroxylation can be IP, 6ex and 6P, ISP, 16ex and 18. Certain drugs induce some of these enzymes at other times, e.g. o'p-DDD and phenytoin induce 6-hydroxylation. DHAS can be excreted unchanged in the urine or may be converted by peripheral and hepatic metabolism through androstenedione and testosterone to be excreted as androsterone and aetiocholanolone (tetrahydro-androstenedione). Most steroids in the urine can be accounted for as the result of reduction, oxidation and side chain cleavage of circulating hormones.
Prior to excretion by the kidney, hepatic steroid metabolites are conjugated with glucuronic or sulphuric acid by transferases in the liver. Most steroids (except cortisol) are excreted to some extent in bile and appear in the faeces usually as unconjugated steroids. Bacteria in the intestine act on biliary steroids. Tetrahydrocorticosterone can lose the 21hydroxyl group in this way during the enterohepatic circulation after excretion in bile." In some cases, steroids are reabsorbed from the intestine and this influences the balance of steroid in the body. This is of importance for the conservation of oestrogen in the post-menopausal woman.
Amniotic fluid is a mixture of fetal urine and lung fluid. A profile of the steroids in a pool of amniotic fluid samples collected around the sixteenth week of pregnancy was obtained with the aim of providing normal data before use of the investigation for prenatal diagnosis of congenital adrenal disorders.P If prenatal treatment to prevent virilization of a female affected with 21-hydroxylase deficiency is to be effective, dexamethasone must be taken by the mother throughout pregnancy. Steroid tests on amniotic fluid require withdrawal of treatment temporarily and are now rarely performed. It is now more practical to obtain fetal material by chorionic villus biopsy at around II weeks and make the diagnosis cytogenetically.
Age and sex differences in steroid metabolism
The GC profiles of urinary steroids of men and women are very similar and although steroid excretion rates are higher in men than in women, the results are more comparable if corrected for body size. The notable exception is pregnanediol, the main progesterone metabolite (hexahydroprogesterone), and the daily excretion rate of this will vary during the menstrual cycle with greatest levels during the luteal phase. There are some gender differences in ratios of steroid metabolites, for example, the ratio of cortisone to cortisol metabolites. In elderly subjects there is a reduction in adrenal androgen excretion rates which reflects lower adrenal secretion of DHAS. 6 Children aged from 6 months to 3--6 years excrete almost no adrenal androgen metabolites and the major urine steroids are tetrahydro and hexahydro metabolites of cortisol and cortisone. Androgen excretion rates increase from 5--8 years of age, reaching adult levels around the end of puberty. There are no significant differences between boys and girls in androgen excretion rates before and during puberty. Additional side-chain cleavage metabolites of cortisol (llfJ-hydroxyandrosterone) ( Fig. I ) appear in the urine of children aged 6-9 years."
The newborn excretes a very complex array of steroid metabolites in the urine which reflects different functions of the adrenal cortex at this time. One group of steroids is produced by the Ann cu« Biochem 1997: 34 fetal adrenal zone-an extra region of the gland which increases in size during fetal life and usually disappears over the first 6 months after birth. DHAS is the principal steroid produced by the adrenal zone which has low 3fJ-hydroxysteroid dehydrogenase activity. Many metabolites are hydroxylated products of DHAS (see Table 1 ). 8 During pregnancy these steroids are converted to oestrogens which are thought to be important for the maintenance of pregnancy. A change in adrenal function is thought to be involved with the time of parturition but there is no proof of this hypothesis in man so that the function of the fetal adrenal zone remains an enigma. The activity of the fetal adrenal zone of a preterm infant persists beyond the time of normal delivery indicating that its function relates to development.v"
The definitive zone of the adrenal cortex of the newborn is smaller than the fetal zone and has a low cortisol output. Cortisol is readily converted to cortisone by the newborn and all the metabolites in urine are products of cortisone. Hydroxylation at C-I and C-6 are important for the clearance of this steroid and these activities decline over the first 6 months of life. I I
PROFILE ANALYSIS
Historical perspective
The concept of steroid profiling arose as methods became available to improve specificity of hormone measurements. It must be remembered that before 1970 steroids were measured by chemical means (reaction of functional groups to form coloured complexes), isotope dilution or bioassay. Chromatography is the basis of all forms of steroid profiling although electrophoresis has also been used but not widely applied.F The application of chromatography to steroid analysis can be charted with time from 1950 to 1980 as paper, thin-layer, gasliquid and high pressure liquid systems were introduced. As resolution (separation power) increased the analyst was faced with increasing problems of detecting and confirming the identity of each component revealed from a mixture. Paper and thin layer techniques are no longer used for profiling although they are still used for separating substrate and product in order to quantify an enzyme reaction rate and for purification of steroids before quantitative analysis by radioimmunoassay (RIA). Highperformance liquid chromatography (HPLC) has limited application because of the relative insensitivity of detectors (I-lOng for ultraviolet, 50 ng for refractive index and 500 pg with an electrochemical detector). When RIA is used after HPLC there can be immense problems caused by the effluent from many of the column packing materials which, on drying, seems to contain substances which destroy the immune reactions for the RIA reagents. Schoneshoffer pioneered the combination of HPLC with immunoassay for the simultaneous measurements of several steroids in blood and urine, 13 but the whole procedure is too complicated and time-consuming for general use.
GC steroid profile analysis was first described in the 1960s by Horning and colleagues,14 but the possibilities were considerably extended with the introduction around 1970 of glass capillary columns. Temperature programmed analysis was necessary in order to analyse the range of steroids in urine. Conjugates were hydrolysed prior to analysis of the freed steroids which had to be stabilized by derivitization for high temperature GC analysis. Steroid conjugates could be kept stable for analysis using derivatives but the columns were not sufficiently stable at the high temperatures needed to elute the conjugates from the column. Flame ionization is the most frequently used detection, although detectors of greater sensitivity have been introduced (e.g. electron capture and nitrogen). The mass spectrometer offers greater specificity over GC profile analysis; a mass spectrum being a fingerprint for the compound. Mass spectrometry can be performed on quite crude sample mixtures introduced directly into the mass spectrometer. 15 A few mass spectrometric methods have been developed for serum hormones and one publication proposes screening patient samples with an androgen profile to overcome some of the problems encountered in immunoassays for individual androgens and uncertainties about cross reactions.?
Improvements in extraction of steroids
At about the same time that steroid profiling became practical, methods were being developed to improve recovery of steroids when extracted from biological fluids. Solid-phase extraction based on Amberlite XAD-2 was the first technique which permitted recovery of a range of steroid metabolites and avoided the use of shaking biological fluids with large volumes of solvents, some of which would be unacceptable today." Amberlite XAD-2 was usually used in columns or occasionally for a batch separation. There was some doubt about the consistency of quality of the Amberlite XAD-2. 17 Cartridges containing essentially low grade HPLC packing material (Sep-Pak for example) were first used for steroid extraction in 1980. 18 These cartridges were more convenient to use and also improved extraction of very polar steroid metabolites (e.g. IP-hydroxycortolone, a polar cortisol metabolite in newborn urine) which previously had been difficult to remove from aqueous fluids. However, 18-hydroxy steroids may be unstable on the octadecylsilane cartridges and Amberlite appears to be a better solid phase for the extraction of such steroids.
Benefits of mass spectrometry
The mass spectrometer has been an important detector for the gas chromatograph for nearly 30 years. The use of capillary columns for steroid separation prior to transferring the effluent to the MS, has overcome some early difficulties in maintaining a high vacuum in the MS. As the components of the sample emerge from the GC column into the MS, the Honour constituents are subjected to a high energy electron beam which charges the molecules and breaks weak bonds producing a number of fragment ions unique for each component. Mass spectra are taken repeatedly throughout the GC analysis and each spectrum contains information about the molecular weight and chemical substitution of the molecule, confirming identity. The GC derivatives can be selected to assist the mass spectrometric fragmentation process. 19 New ionization methods for sample volatilization and ionization within the mass spectrometer have allowed steroids to be analysed directly from a crude extract. A Sep-Pak extract of urine, dried and reconstituted in glycerol, can be subjected to fast atom or secondary ion bombardment (FAB-MS and SIMS) to give pseudomolecular ions representing each steroid in the mixture, thus giving a rapid steroid profile with high diagnostic value for a number of adrenal diseases.P As well as scanning, the MS can monitor ions characteristic of individual steroids. This adds an additional level of specificity to the GC retention time for identification of steroids and can also be the basis of quantitative steroid analysis particularly when an internal standard is used." Ideally the internal standard will be a stable-isotope labelled form of the analyte. High resolution mass spectrometry enables mass fragments to be monitored to 5 decimal places and this has improved the specificity of some quantitative steroid analyses, e.g. dehydroepiandrosterone (DHA) in saliva.P although high resolution has sometimes also been useful in structural analysis of urine steroids.P Thermospray is a new technique for coupling the effluent from an HPLC to the mass spectrometer.et-" but so far this has been used only for blood hormones.
METHODOLOGY
This section will focus on the principles of the methods used in preparing samples for a urine steroid profile by capillary column GC with the aim of achieving maximal information from a non-specific detector or GC coupled with a bench-top mass spectrometer. The steps involved include extraction, separation of conjugates, hydrolysis of conjugates, derivative formation and GC analysis."
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Steroid extraction Urine
Solid phase extraction is now the preferred method of extracting steroids from a urine sample" and most laboratories now use Sep-Pak cartridges or similar systems based on reverse phase extraction. Sep-Pak cartridges are convenient because they fit onto glass syringes with Luer fittings. The cartridges are activated by flushing with ethanol (2 mL) then washed with water (5 mL) before the urine sample (usually 20 mL) is applied. The cartridge is washed with water (2 mL) before the steroids are eluted with 5 mL of ethanol which is dried on a rotary evaporator at 60°C.
Plasma and amniotic fluid
Steroids are effectively extracted from serum or amniotic fluid by adding 1-2 mL of the biological fluid in a dropwise manner from a pasteur pipette into 20 mL of a mixture of acetone:methanol (I: I v/v) in a beaker in a sonic bath. After 10 min the solvent mixture is cooled and centrifuged to remove the protein pellet. This process can be repeated with the pellet before removing the solvents on a rotary evaporator.
A solid phase extraction was developed by Axelson and Sahlberg." Serum is diluted with 0·5 M aqueous triethylamine sulphate and heated to 64°C before application to a Sep-Pak cartridge which is used as if for a urine sample.
Separation of conjugates
When a urine sample from a newborn infant with suspected adrenal disease is analysed by a steroid profile analysis it is necessary to examine the separate functions of the fetal adrenal zone and the definitive adrenal cortex. In the newborn period, the excretion rates of the fetal zone steroids are very much higher than for the definitive zone steroids; also, the retention times of the fetal zone steroids spread across more of the chromatogram and the smaller peaks for steroids produced at lower concentrations by the adrenal definitive zone, tend to be obscured in the GC analysis.
In general, the fetal zone steroids are present in urine as sulphated conjugates whereas the definitive zone adrenal products are either free steroid or conjugated with glucuronic acid. Using Sephadex LH-20 chromatography with a salt-saturated solvent system (chloroform: methanol; I: I) the sulphated steroids can be retained on the column of Sephadex and eluted later with ethanol." Using 4 g of Sephadex LH-20 in a column (e.g. 1 em x 18 ern) this separation can be completed in about 2 h. After separate hydrolysis of the two types of conjugates the free steroids of each can be processed as two samples, each reflecting separate functions of the adrenal cortex. A conjugate separation method based on ion-exchange chromatography with DEAE and DEAP Sephadex is not practical for routine use." Under most clinical circumstances this conjugate separation step is not helpful and is usually omitted from the analysis. This may lead to poor sensitivity for steroid sulphates which are less well-hydrolysed enzymically and the steroid aglycones are better liberated by chemical solvolysis."
Hydrolysis of conjugates
Although some progress has been made towards direct analysis of steroid conjugates (F A8-MS, SIMS), in general after hydrolysis of the conjugate groups, the free steroids are usually analysed. The enzymes in the digestive juice of the Roman snail (Helix pomatia) is the preferred method for conjugate hydrolysis because it provides high activities of the glucuronidase and sulphatase enzymes needed to release free steroid from conjugation. Enzyme preparations need to be checked to be free of steroid transforming activity.F In a typical hydrolysis 25 mg of the dried powder of H. pomatia enzyme (Sigma, preparation H) is used to hydrolyse steroid conjugates in an extract of 20 mL of urine. The actions of other enzyme preparations (e.g. from Escherichia coli, or the limpet Patella vulgata) may differ. Although for general purposes an overnight incubation at 37°C is sufficient, a rapid incubation at higher temperature (3 h at 55°C) can give almost equivalent results in a shorter time." This is important when a rapid service is required such as in the diagnosis of a newborn of indeterminate sex when a genetic adrenal disorder affecting one of the enzymes in cortisol synthesis is likely.
The enzyme methods are not efficient for hydrolysis of sulphates for which chemical methods (solvolysis) are required." The steroid extract is dissolved in ethyl acetate saturated with hydrochloric acid and kept at 37°C overnight. The solvent is washed with sodium bicarbonate to neutral pH, then washed with water before drying over sodium sulphate. The final extract is dried on a rotary evaporator at 60°C under vacuum.
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If hydrolysis is omitted, steroid glucuronides need to be stabilized by esterification of the carboxyl groups of the glucuronic acid conjugates before GC analysis. The sulphate group cannot be easily stabilized for thermal analysis but during the trimethylsilylation of steroids with trimethylsilylimidazole, the sulphate ester is cleaved and the freed steroid is then protected by silylation. IS Purification of steroids After hydrolysis of conjugates the freed steroids can be recovered from the incubation by repeating the solid-phase extraction. Some intermediate purification of steroids can sometimes be helpful prior to the GC analysis. Sephadex LH-20 chromatography has been effectively used in a number of studies, for example in separation of cortisol and corticosterone metabolites. A number of solvent systems have been used with Sephadex LH-20 but by far the most convenient has been continuous elution of a 1em x 25 cm column containing 6 g of Sephadex with cyclohexane:ethanol (4:1, vjV). 33 A total of 250 mL of the solvent is required to elute all of the steroids and the flow is about 1 mLjmin. In other solvent systems Sephadex tends to float to the surface of organic solvent systems and for best column chromatography the gel has to be held down by layering sand on top of the column.
Derivative formation
Steroids need to be chemically stabilized before high temperature GC analysis. The most commonly used combination of derivatives involves condensation of carbonyl groups in steroids with methoxyamine to form methyloximes (MO), and reaction of hydroxyl groups to trimethylsilyl ethers (TMS).34 Hydroxime (HO) and benzyloxime (80) derivatives are occasionally prepared, usually to improve identification and quantitation, by shifting the position of steroids in the chromatogram. One useful example of this is found when it is necessary to quantify l7-hydroxypregnanolone in a GC profile." Under the usual conditions of profiling this steroid co-elutes with IIj1-hydroxyandrosterone but by making a BO-TMS derivative the two steroids can be resolved. For androgens, MO-TMS derivatives can be prepared using reagents which are volatile [hexamethyldisilazane (HMDS) and trimethylchlorosilane (TMCS) as a catalyst (10:1 vjv)]. For cortisol metabolites and steroids with hydroxyl groups at Honour C-ll, an imidazole reagent [trimethylsilylimidazole (TSIM)] is necessary for complete reaction, and after the derivative has been prepared, the excess reagents are usually removed by column chromatography (e.g. Lipidexj" although a simple solvent extraction with dichloroethane has been reported.F To prepare the oxime derivatives, 0·2 mL of 2% methoxyamine hydrochloride in pyridine (wjv) is added to the hydrolysed steroid extract from 5 mL of urine dried in a stoppered tube. The reaction for most steroids is complete in I h at 60°C. The carbonyl at C-II does not derivatize. Aldosterone and 18-hydroxycorticosterone metabolites can be present in urine in hemiacetal or cyclic forms, respectively, and the oxime reaction is usually left for 3 h to open ring structures and avoid the formation of several derivatives.P-" Silylating reagents are then added directly. This will be 0·1 mL TSIM for 3 h at 100°C if all hydroxyls are to be silylated or 0·1 mL HMDS-TMCS for I h at 60°C if only androgens are present in the extract. Some published methods have omitted the methyloxime formation and relied upon formation of TMS-enol-TMS derivatives to stabilize carbonyl groups as well as glycerol and dihydroxyacetone steroid side-chains.f This derivatization is still used in the profile analysis of urine to detect steroid abuse in sport" but is rarely used in clinical work.
Where improved sensitivity has been required in GC-MS analysis other derivatives such as tertiary-butyldimethylsilyl (tBDMS)42 and heptafluorobutyrate (HFB) derivatives/ have been used. The tBDMS derivatives have high boiling points and molecular size and consequently have long GC retention times ( Table 2 ). In the early days capillary columns were not sufficiently stable at high temperature for satisfactory analysis of the range of urine steroids. The molecules are, however, less susceptible to fragmentation on electron bombardment in the mass spectrometer and the fewer fragments mean that those ions which are detected by the mass spectrometer carry more of the relative ion current from the steroid which thus improves limits of detection.
GC analysis
Silicone stationary phases have been generally used for GC separation of steroids. QV-l and SE-30 are probably the most commonly used. Whilst narrow glass capillary columns were originally statically coated with the stationary phase, today most columns are made of fused silica and the stationary phase can be chemically bonded to the column which has increased their stability and duration of use. There can be differences in steroid retention times between statically coated and chemically bonded phases. Typical column dimensions are 25 m and 0·25 mm internal diameter with helium carrier gas at around 1-2mLjmin. A number of injection systems have been effectively used with dry (falling needle, sample vial) and liquid sample (splitless) injection. The column is usually at 60°-80°C at the time of sample injection and heated rapidly to around 180°C before the analytical phase. High column temperatures are essential to elute the range of steroids in biological fluids and programming from typically 180°C to 280°C at around 2°Cj min keeps peak widths of the eluting components constant for most of the run. This programme will need to be extended to 350°C if steroid glucuronides are being analysed.'? Flame ionization is the most versatile detector to use. Electron capture detection is much more sensitive but the detector needs regular maintenance to achieve repeated high performance.
The output from the GC is usually coupled to a pen recorder but computer systems are now is expected in a normal subject, e.g. low cortisol output, increase in products of metabolic intermediates (Fig. 2) .
The identification of the steroid in each peak in the GC profile can be certified if the GC is coupled to a mass spectrometer. For each peak 6-10 spectra (typical mass range 1OG-800) can be obtained. Each spectrum is a fingerprint for the steroid of origin and the spectrum has molecular weight information as well as structural components due to fragmentation. There are some specific fragments from the extremes (A-ring and side chain) of the molecules. I? For example a steroid with 3-keto-4-ene structure is distinguished from a 3{3-hydroxysteroid-5-ene, and corticosterone and cortisol metabolites are distinguished by the mass spectra. The fragmentation helps to determine the nature and number of functional groups.
Two laboratories have computerized analysis of the mass spectral data for identificationv and quantification." Most laboratories look at the data visually and interpret the spectra with (a) available which almost permit unattended GC analysis with sophisticated data display.
Identification of steroids
In general the retention of steroids relates to the size of the carbon nucleus (C I9-androgen, C 21progestagen) and the number of oxygen groups substituted onto this (2 hydroxyls to five hydroxyls and one carbonyl). The androgens with two and three hydroxyl groups elute before the progestagens with 2 hydroxyls. Steroids can be assigned to peaks in the chromatogram on the basis of retention properties. In a temperature programmed GC analysis over I h a precise time for elution of each steroid is difficult to reproduce, particularly when all possible variables are considered (column dimensions, carrier gas flow, temperature programme conditions) and retention times (in minutes from the time of injection) in general are not helpful. Comparison of the retention times of each steroid relative to a single reference point (e.g. retention time of cholestane or internal standard) has been used but the most reproducible measure seems to be when the steroid retention properties are related to two reference points. The n-alkanes of C 24, C 26, C2~' C 30 , C 32 and C 34 can be equally spaced throughout the GC run and the retention characteristic of each steroid is proportioned between the nearest pair of hydrocarbons to give methylene units (e.g. 28'84) or Kovacs' index (2884). Many of the peaks in the profile can thus be assigned by relative retention and amount particularly if the age, sex and clinical condition are considered.
Within the steroid GC profile of a normal subject, most peaks can be easily attributed to specific steroids on the basis of position and relative amount of the likely steroids. In general, there are two groups of steroids. Androgen metabolites come at the beginning of the profile and cortisol metabolites near the end. In between are the products of intermediates in the biosynthetic pathway. The profiles may differ appreciably between individuals in this area of the chromatogram and proving the identity of every peak may take some time. Many reference compounds are available to help in the early stages. It is sometimes useful to add to the sample an amount of a suspected steroid in order to see if the peak size in the initial run is amplified by an appropriate amount with retention of peak shape on rerunning the spiked sample. The analysis of urinary steroids from a patient may show obvious differences from what Honour knowledge of reference of mass spectra for a range of commonly occurring steroids. Commercial libraries contain many of the spectra needed to interpret steroid profiles and libraries can be assembled in the laboratory on the instrument being used, either from the analysis of reference compounds or as they are recognized in patient samples. The commercial libraries have accumulated full scan data but many laboratories have mass spectrometers that cover a narrower mass range (e.g. ion traps scan up to 450 atomic mass units) and when the spectrum in a sample is compared with the stored library spectrum these instruments can incorrectly assign structures unless attention is paid to other identifying properties of the steroids.
Quantitative analysis and calibration
The excretion rates of steroids are calculated from the peak height responses of the urine products relative to the responses achieved for known amounts of internal standards added to correct for recovery at an early stage in the analysis." The length of the GC run and the tendency for the later eluted compounds not to retain a constant peak width, mean that two or more internal standards are usually incorporated. 5cx-androstane-3cx, 17cx-diol and cholesterol butyrate are the most commonly used. These elute before and after the natural urine steroids and are not found in human urine. Sometimes stigmasterol is used as an extra internal standard. This has a retention time less than cholesteryl butyrate and stigmasterol has the benefit that it forms a TMS derivative. Stigmasterol is not very stable but this can be used to advantage because when it breaks down to give two peaks this is evidence that the stability of the column packing or coating efficiency is deteriorating."
The peak heights for equal amounts of the steroids tend to fall throughout the GC analysis: this partly reflects incomplete loading of the range of steroids onto the column and partly instability of steroids as temperature increases. This is particularly the case for steroids with a carbonyl group at C-II. There is a simple regression line in peak height between the first and last internal standard and, in a mixture of equal amounts of reference steroids, most steroids will achieve a peak height which corresponds to the regression line. For the few steroids that do not meet the ideal peak heights correction factors are needed." A calibration Ann Clin Biochem 1997: 34 mixture of steroids and internal standards need to be run regularly to check these response factors. Flame ionization detection (FID) is a detector of mass and for this reason, and the fact that the steroids in the GC run vary in molecular mass from 391 to 771, it is simpler not to have to quantify in SI units. Some laboratories do take the extra time to convert the results, but this does not add to the interpretation.
In the detection of steroid abuse in sport it is usually sufficient to prove that a synthetic steroid has been taken when residues of the drug or its metabolites are present in a biological fluid. In the case of abuse of testosterone, which is a naturally occurring steroid, it has been established that a ratio of testosterone glucuronide to epi-testosterone glucuronide in the urine above six only arises by administration of testosterone." Steroid profiling with selected ion monitoring is used to detect anabolic steroids and for analysis of the ratios of testosterone metabolites. In the selected ion monitoring mode several representative fragment ions of each steroid should elute contemporaneously, at the correct retention time for that steroid, if the presence of a steroid is to be based on that analysis alone. Ideally, a mass spectrum of the compound should be produced. The data from profile analysis contains much useful information about other metabolites and these should be taken into account when confirming a positive result.
Sample collection and storage
A 24 h urine collection without preservative is the preferred sample for steroid profiling. For infants it may be necessary to use special bags for collection or to have the baby lying on a special cot. Urine can be collected in disposable napkins from which an extract can be made. Steroids are very stable and a preservative is not required. The sample should be kept cool and if analysis is not likely within a few days freezing is recommended. Merthiolate is not known to affect the analysis. Chloroform, if present in the sample, should be removed by evaporation with or without vacuum to avoid the solvent affecting the absorption of steroids onto the solid phase cartridge. The pH of the urine should be checked to ensure it is neutral or only weakly acid or alkaline. If urine is collected in acid by mistake the urine will turn very dark in colour and when an aliquot of the urine is applied to a solid-phase cartridge the colour will not be retained on the cartridge. This is unusual and indicates that there is sufficient acid in the urine to strip ofT the C-18 substituted groups and prevent the normal retentive" properties of the cartridge material. With a precious sample the urine could be neutralized before assay but ideally a fresh sample collected properly should be arranged. For most samples a 20 mL aliquot of the urine collection is adequate for complete analysis.
Any request for endocrine investigations should include information about factors which influence hormone levels in the patient (age, sex, preparation or state of the patient, time of day of sampling, treatment, date of last menstrual period).
VALIDAnON AND PERFORMANCE
Accuracy
Most steroids can be successfully separated from each other by capillary column analysis. Any steroids which co-elute are each not accurately quantified. One important example of this is 17hydroxypregnanolone (a tetrahydro metabolite of 17-hydroxyprogesterone) which, as MO-TMS, has identical retention time to the derivative of 11{l-hydroxyandrosterone (a C I9 cortisol metabolite formed by side-chain cleavage). Benzyloxime derivatives will enable the two steroids to be separated.P Some steroids give two products (usually because the oxime derivatives can take up synand anti-isomeric positions). 16-hydroxy-DHA and cortisol are examples of steroids that each give two unresolved peaks. Tetrahydrocorticosterone gives two products that are separated in the GC by about I min. The second derivative co-elutes with some cortisol metabolites. In these cases it may be necessary to separate the steroids on the basis of polarity prior to derivative formation (Sephadex LH-20 chromatographyj.P Recovery The recoveries of steroids through the method are above 90% when judged by recovery of labelled steroid products present in the urine collected after intravenous injection of radiolabelled hormone." Internal standards are usually added prior to derivative formation, therefore recovery is only fully compensated at this stage.
Imprecision
Repeated analysis of the same sample indicates that results can vary by as much as 25% depending on the steroid. Such imprecision is acceptable for steroid profiling. A 10-15%
Steroid profiling 41
variation in daily excretion rate of steroids found for an individual is therefore largely analytical error. In order to reveal subtle changes in steroid production or metabolism by drugs or natural products (e.g, liquorice) a large number of matched patients may have to be investigated to achieve significance.
Sensitivity
The smallest GC peak which can be measured in a profile will usually be about 10 ng of steroid injected on the column. In terms of the steroid excretion rate in urine this can reflect 50llg/day, which is probably the limit of sensitivity of GC-FID analysis. With selected ion monitoring GC-MS, the sensitivity can be improved to 200 pg of steroid injected.
Interferences
Despite the relative crudity of the extracts which are analysed by steroid profiling there are surprisingly few known interferences and they are: plasticizers; quinine metabolites; carbamazepine metabolites; enterolactone; enterodiol; cyproterone metabolites; medroxyprogesterone metabolites. Plasticizers, eluted from plastic bottles used to collect urine, can give an isolated contaminant peak or a regular series of peaks with GC-FID. These can be tolerated with GC-MS because the spectra do not look 'steroidal' and library searching will quickly identify the nature and likely origin of these components, Sample bottles and reagents should be checked. The use of solvents of high grade purity, or which can be purified by distillation may eliminate a reagent problem. Drugs rarely interfere with the analysis and even though prescription steroids are widely used they rarely create problems. In many cases synthetic steroids are very potent and are used in low doses so that they are not detected in the profile. The progestogens, cyproterone acetate and medroxyprogesterone, give rise to several peaks towards the end of the analysis in an area where only free cortisol and cortisone elute from the column. Prednisone and prednisolone metabolites elute at the same retention times as cortisone and cortisol metabolites and cannot be distinguished by GC analysis, but on GC-MS give spectra with several fragments of two mass units below the natural counterparts, Dexamethasone metabolites do not interfere in the analysis. This is utilized in difficult paediatric cases in whom a biosynthetic defect is suspected but replacement steroid treatment cannot be witheld. By switching from hydrocortisone to a lower dose of dexamethasone, an adrenal stimulation test with Synacthen can then be performed to release from the adrenal cortex whatever steroids can be synthesized.
A number of peaks in the GC profile can be attributed to dietary intake of compounds which, on breakdown and conversion in the intestine, give rise to phyto-oestrogens.w" Soya Honour products, which are widely used in nutrition, are a rich source of precursors as are legumes. The GC retention properties and mass spectra of many of these products have been published and some of these data are in GC-MS libraries. If relying on GC-FID, these peaks can be misassigned. The excretion rates will vary depending on the digestibility of the food source, the intestinal bacterial flora and the extent of enterohepatic recycling.
REPORTING
The list of steroids that can be quantified in a urine profile will intimidate the clinician unless presented in a way which allows association of the urinary products to circulating hormones. The difficulties are compounded by the fact that steroids have trivial and systematic names as well as abbreviations. Most clinicians will only look at the conclusion of the report which should be a short but clear explanation of the findings with recommendations for any confirmatory tests.
Reference ranges vary between laboratories. 18 ,47,48 They are easy to present for normal adults but are difficult with children because they are continually changing throughout childhood. It is not appropriate to express ranges of steroid excretion rates for children over several years of age because in longitudinal data it is clear that there are rapid differences year by year. Also, since children with adrenal disorders have changes in growth pattern, steroid excretion rates need to be corrected for body size? and this approach has proved to be immensely useful in avoiding an interpretation of high steroid excretion rates just because the child is fat, thus preventing further investigations for Cushing syndrome. Median results with observed ranges are better for results with a skewed distribution.
QUALITY CONTROL
Internal quality control (Qq can be easily organized within the laboratory by repeating the analysis of frozen aliquots of one or more 24 h collections. This permits intra-assay variation to be determined and is a check on reagents, analytical procedure and calculations. One external scheme in Holland has been launched but the performance of laboratories has not been published." A new pilot scheme from this UK SAS laboratory will circulate four samples at approximately two monthly intervals. The aim is to include samples from normal males, females Ann Clin Biochem 1997: 34 at different stages of the menstrual cycle, and children of different ages, to test variation in quantification. Clinical samples will be interspersed to test the accuracy of diagnosis and validity of reporting.
SAFETY
The introduction of solid phase extraction systems has eliminated the use of many previously undesirable chemicals like benzene from steroid laboratories. Pyridine, as solvent for silylation, should be handled in a fume hood. Gas cylinders can be avoided by making use of air and hydrogen generators. Helium could be replaced with hydrogen as carrier gas. This would obviate the need for a further cylinder of gas and improve separation but the use of a flammable gas in an oven at high temperature would not be safe practice.
THROUGHPUT
Even if all steps in the analysis are performed manually a result should be available within 3 days of receipt of the urine sample and, in the case of clinical emergency, some report should be back to the clinician well within 36 h. Indeed this is essential in the case of children born with ambiguous genitalia to reduce the anxiety for the family.
Automation of many steps in the analysis is not beyond modern technology. A robotic work statiorr" could cope with taking up a volume of urine into a solid phase extraction cartridge, washing the cartridge, eluting the steroid extract, concentrating the extract, dissolving it in buffer, adding enzyme, transferring to a heated bath, removing at specified times, repeating the extraction and preparing derivatives, etc.
Personal computers with chromatography software can process the capillary column FID signal, assign the location of internal standards and urine steroids by retention time and perform calculations. A bench top GC-MS can be programmed to do this with greater specificity because ion fragments specific for each steroid can be used to improve the level of identity. This has been successfully used in screening large numbers of athletes for evidence of drug abuse at Olympic Games. 4 1 ,49 Pattern recognition software (for example, Matchfinder marketed by Perkin Elmer) will now interpret abnormal findings in a GC profile compared with a reference (normal subject) sample. If the samples are run on a GC-MS the software will pull out the mass spectrum of an abnormal peak, compare it with the library data and print out the identity of the abnormal component.
COST When all factors are taken into consideration, a steroid profile as a single analysis may seem expensive with typical UK prices up to £150. However, this must be compared with the possibility of a battery of blood hormone tests at up to £30 each. The advantage of the steroid profile is the high degree of proof of identity for every steroid seen in the analysis. This may not be the case with hormone measurements made by immunoassay particularly in the case of the newborn. In the case of a biosynthetic defect the steroid profile defines the level of the abnormality, and since any adrenal disease requires lifelong treatment, a precise diagnosis is essential. Once a diagnosis is made molecular biological techniques can be applied in a number of ways to help the family.
